Functional nanocrystals have received considerable attention because of their various applications. Although glass-ceramic (GC) processing is recognized as promising for preparation of nanostructured material, it is difficult to use the materials as nanocrystals as in. This study provides a possible way to obtain nanocrystals by irradiation of fundamental wave of Q-switched Nd:YAG laser to nanocrystallized GCs in liquid. In this study, we employed Mn 4+ :Li 2 Ge 4 O 9 nanocrystallized GCs as the target, and succeeded in fabricating deep-red emissive nanocrystals with a size of ³100 nm.
Nanosized functional crystals, e.g., ferroelectrics, phosphors, and catalysts, possess excellent properties that have led to development of various synthetic techniques so far. One of the promising ways to obtain nanocrystals is the nucleation and subsequent crystal-growth process in a glassy precursor, i.e., the glass-ceramic (GC) technique. This technique and the resulting nanocrystallized GCs are recognized to be quite useful commercially/industrially. 1) In addition, progress in understanding of the crystallization phenomenon and in social diversity inspired us to fabricate new nanocrystallzed GCs, for application in, for example, solid-oxide fuel cells, hydrogen-production material, and optical thermometry.
2)4) Furthermore, it is possible to introduce defects into the phase capable of acquiring new functionality if the crystallized phase undergoes structural disordering/inhomogeneity. 5 ),6) GC processing is consequently expected to provide novel materials that would be difficult to obtain via conventional ceramic processing. On the other hand, since even nanocrystals are precipitated in GCs, their usage is limited to the bulk form. If frozen nanocrystals can be extracted from GCs, their application will be widened.
From a practical point of view, the requirements for the nanocrystal synthesis are suggested to be as follows; (i) system construction using simple/convenient equipment, and (ii) synthesis without any complicated treatment (e.g., high-temperature or vacuum condition). To realize the extraction of nanocrystals, we were inspired by the liquid-phase laser ablation technique 7) in which nanostructured GCs is exposed to pulsed-laser light in a liquid, after which the nanocrystals break away from the GCs due to the impact of the laser-irradiation. In other words, collection of the nanocrystals in suspension by means of laser irradiation into the GC target. In order to verify the conception of this technique, 12)14) Thus, we attempted to obtain deep-red emissive nanophosphors from nanocrystallized GC target.
The setup of the laser-irradiation system constructed for this study is shown in Fig. 1 and 27 © 10 11 W/cm 2 (per pulse). The pulse repetition frequency was 10 Hz, and the laser-irradiation duration was 120 min. Distilled water was chosen as immersion liquid. GCs was obtained by crystallization in the stoichiometric 20Li 2 O80GeO 2 glass (mol %) added with 0.3 mol % of MnO 2 , which was prepared by a conventional melt-quenching technique using commercial powders of reagent-grade Li 2 CO 3 , GeO 2 , and MnO 2 (melting conditions: 1200°C for 30 min in air; platinum crucible covered with a lid). The thermal parameters of the precursor glass, glass-transition (T g ), crystallization-onset (T x ), firstcrystallization peak and (T p ) temperatures were examined by means of differential thermal analysis, and the values were evaluated to be T g = 515°C, T x = 545°C, T p1 = 564°C, and T p2 = 583°C (Two crystallization-peaks appeared in the glass). These values were almost identical to the values previously reported. 11) Since the T p2 corresponds to formation of the Li 2 Ge 4 O 9 phase, 8) the glass was subjected to isothermal heat-treatment at 583°C for 1 h to synthesize the GC target. The GC target used in this study was in bulk state, and its dimensions were ³ 5 © 5 © 1 mm 3 . No significant damage could be seen in the GC sample when we immersed the sample in distilled water for 120 min. The GC samples and collected powder after the laser-irradiation were characterized by means of X-ray diffraction (XRD) analysis, scanning electron microscopy (SEM), a spectrofluorometer with a xenon lamp as an excitation source, and atomic-force microscopy (AFM). All the experiments and measurements were performed at room temperature.
In a previous study, the pure stoichiometric glass singly crystallized an Li 2 Ge 4 O 9 phase, resulting in Li 2 Ge 4 O 9 -nanocrystallized GCs. In the obtained GCs doped with Mn 4+ in this study, XRD measurement also revealed single-phase formation [ Fig. 2(a) ]. In addition, photoluminescence (PL) and photoluminescence excitation (PLE) bands were detected at ³670 nm and at ³350 and ³465 nm, respectively [ Fig. 2(b) ], indicating that ultraviolet (UV)-excitation gives deep-red emission in addition to blueexcitation. Indeed, one can see the clear emission under an UV lamp at 365 nm (inset). In addition, SEM observation revealed a densely-packed structure consisting of nanosized crystallites (³50100 nm), which are attributed to Li 2 Ge 4 O 9 phase [ Fig. 2(c) ]. Since the GCs in this study is compatible with the GCs fabricated previously, 8)11) we judged the GCs to be available for the target.
We performed the laser-irradiation using the GCs as a target of the constructed system. After irradiation, we could obtain the suspensions under all the irradiation conditions, and collected the powders from the suspensions by drying. AFM observation revealed the presence of many spherical particles with size of about 100 nm or less, which are attributed to extraction from the nanocrystallized GCs, in samples obtained at different laserfluences (Fig. 3) . On the other hand, aggregation of nanoparticles was observed in the sample obtained at 27 © 10 11 W/cm 2 . Thus, we succeeded in obtaining the Li 2 Ge 4 O 9 nanocrystals from the nanocrystallized GCs by the laser-irradiation.
Under low-to-medium irradiation energy conditions (5.0 © 10 11 ¹ 10 © 10 11 W/cm 2 ), the collected powders are confirmed as the Li 2 Ge 4 O 9 phase by comparison of the diffraction patterns with a corresponding ICDD (Fig. 4) 6 phase was confirmed instead. When we conducted irradiation with a UV lamp (365 nm) of the obtained Li 2 Ge 4 O 9 nanocrystals, clear deep-red emission could be confirmed visually (Fig. 5) . This confirms that the Li 2 Ge 4 O 9 nanocrystals maintain the PL properties of the target GCs, demonstrating synthesis of Mn 4+ : Li 2 Ge 4 O 9 nanocrystals using GCs. However, no emission was seen in the Ge 7 O 12 (OH) 4 (H 2 O) 6 phase.
The GC target in this study should not have a large absorption band in the infrared region. Meanwhile, it is reasonabe to consider that multi-photon absorption is caused by the condensation Fig. 2 . Features of the glass-ceramic target in this study: (a) Powder XRD pattern in the glass-ceramic sample together with ICDD of Li 2 Ge 4 O 9 (#00-37-1363; red bars); (b) the PL and PLE spectra at room temperature. The sample exposed by UV lamp at 365 nm is also displayed (inset); (c) the result of SEM observation.
of laser light and its high densification. Therefore, the extraction of nanocrystals probably originates in energy absorption based on a multi-photon process in the irradiated-spot area associated with the pulsed Nd:YAG laser. Although further study will be necessary to elucidate the formation/extraction mechanism, the application of a common Nd:YAG laser is quite useful as a nanocrystal synthetic technique.
The ) and dissolves in water, and the higher energy promoted a reaction between the crystal phase and surrounding water, in particular resulting in the formation of the hydrate phase. Since the Ge 7 O 12 (OH) 4 (H 2 O) 6 hydrate is synthesized only by the hydrothermal technique, 15) it is deduced that a high-temperature/-pressure region is locally present on the irradiated surface of the GC target.
In summary, we attempted to extract nanocrystals from the GCs by means of irradiation with a Q-switched Nd:YAG laser operated at 1064 nm, and then to collect the nanocrystals in order to propose a new technique for nanocrystal synthesis. The nanocrystals were successfully obtained using GCs consisting of Mn 4+ :Li 2 Ge 4 O 9 nanocrystals as the target, and visible deep-red emission was indicated by UV-excitation at room temperature, demonstrating the usability of YAG-laser irradiation for nanocrystal synthesis. Moreover, the increase in irradiation energy caused significant damage to the crystal structure of the Li 2 Ge 4 O 9 phase, resulting in a non-emissive Ge 7 O 12 (OH) 4 (H 2 O) 6 phase. The conversion of Li 2 Ge 4 O 9 into the hydrate phase suggests that laser irradiation in water is also applicable for synthesis of compounds, which are obtained only via the hydrothermal route. Fig. 3 . AFM images of the collected powder under different laser-irradiation conditions. For the observation, a small amount of suspension was dropped onto a microscope slide using a micropipette and dried on a hot stage at 120°C. of the Japanese Government. The authors would like to thank Dr. Takamichi Miyazaki and Dr. Kazuki Yoshida for their significant contributions to this study.
